Candida albicans-associated bloodstream infections are linked to the ability of this yeast to form biofilms. In this study, we used lipidomics to compare the lipid profiles of C. albicans biofilms and planktonic cells, in early and mature developmental phases. Our results showed that significant differences exist in lipid composition in both developmental phases. Biofilms contained higher levels of phospholipid and sphingolipids than planktonic cells (nmol per g biomass, P,0.05 for all comparisons). In the early phase, levels of lipid in most classes were significantly higher in biofilms compared to planktonic cells (P¡0.05). The ratio of phosphatidylcholine to phosphatidylethanolamine was lower in biofilms compared to planktonic cells in both early (1.17 vs 2.52, P¡0.001) and late (2.34 vs 3.81, P¡0.001) developmental phases. The unsaturation index of phospholipids decreased with time, with this effect being particularly strong for biofilms. Inhibition of the biosynthetic pathway for sphingolipid [mannosyl diinositolphosphoryl ceramide, M(IP) 2 C] by myriocin or aureobasidin A, and disruption of the gene encoding inositolphosphotransferase (Ipt1p), abrogated the ability of C. albicans to form biofilms. The differences in lipid profiles between biofilms and planktonic Candida cells may have important implications for the biology and antifungal resistance of biofilms.
INTRODUCTION
Candida albicans-associated bloodstream infections are linked to the ability of this pathogenic yeast to form biofilms (Mukherjee et al., 2005) . These biofilms are especially problematic due to their inherent resistance to commonly used antifungal agents. Moreover, Candida biofilms associated with indwelling devices provide a protected niche for the fungal cells where they can evade the host immune system (Chandra et al., 2007) . Recent studies have revealed that biofilm formation by C. albicans is associated with differential expression of genes and proteins involved in the synthesis of membrane lipids (Lattif et al., 2008; Yeater et al., 2007) , and that alteration in the sterol composition is linked to increased azole resistance of C. albicans biofilms (Mukherjee et al., 2003) . Additionally, phosphatidylinositol (PI), a key yeast phospholipid, has been shown to contribute to antifungal resistance (Abu-Elteen & Whittaker, 1997 -1998 Hitchcock et al., 1987) and pathogenesis (Reynolds, 2009) . PI is a precursor for the biosynthesis of glycosylinositol phosphorylceramides (GIPCs), the yeast-specific sphingolipid constituents of membrane-localized lipid rafts. GIPCs comprise three members: inositolphosphorylceramide (IPC), mannosylinositolphosphorylceramide (MIPC) and mannosyldiinositolphosphorylceramide [M(IP) 2 C] (Thevissen et al., 2005) . The terminal step in M(IP) 2 C biosynthesis is catalysed by inositolphosphotransferase, encoded by the IPT1 gene.
Although several studies have indicated important roles for lipid rafts in modulating fungal growth and pathogenesis (Hallstrom et al., 2001; Martin & Konopka, 2004; Pasrija et al., 2008; Prasad et al., 2005; Siafakas et al., 2006; Thevissen et al., 2000; Toulmay & Schneiter, 2007; Wachtler & Balasubramanian, 2006) , their role in biofilm formation and associated drug resistance has not been investigated.
In the current study, we performed lipidomics analysis to characterize the profile of phospholipids and identified the associated molecular classes that are differentially produced in biofilms compared to planktonic cells. Our studies reveal, to our knowledge for the first time, that C. albicans biofilms differ significantly from planktonic cells in their lipid profiles and unsaturation index, in a phase-dependent manner. We also found that PI was overproduced in biofilms. PI is a key precursor for biosynthesis of M(IP) 2 C, a critical component of lipid rafts; therefore, we investigated the role of lipid rafts in fungal biofilm formation using specific M(IP) 2 C biosynthesis inhibitors and a C. albicans mutant strain lacking inositolphosphotransferase (Ipt1p), a key enzyme in this biosynthetic pathway. Our results suggest that lipid rafts may be associated with the ability of C. albicans to form biofilms, and may provide a foundation for developing a novel strategy to manage and treat biofilm-associated infections.
METHODS
Candida isolates. The following C. albicans strains were examined in the current study: SC5314, and the isogenic strain set consisting of CAI4 (Dura3 : : imm434/Dura3 : : imm434), Dipt1 mutant (Dura3 : : imm434/Dura3 : : imm434 Dipt1 : : hisG-URA3-hisG/Dipt1 : : hisG), IPT1/ Dipt1revertant (Dura3 : : imm434/Dura3 : : imm434 Dipt1 : : hisG/Dipt1 : : hisG : : IPT1-URA3). The isogenic strain set of isolates was a generous gift from R. Prasad (Jawaharlal Nehru University, New Delhi, India) (Prasad et al., 2005) . Candida cultures were maintained on Sabouraud dextrose agar (SDA, yeast extract, peptone, glucose, 1 : 2 : 2) or Sabouraud dextrose broth (SDB, Difco), supplemented with uridine (80 mg ml 21 ) as required, or kept at -80 uC for long-term storage.
Biofilm formation. C. albicans biofilms were formed on silicone elastomer catheter discs and quantified as described previously . Briefly, C. albicans blastospores were grown overnight at 37 uC in a yeast nitrogen base (YNB) medium (Difco) supplemented with 50 mM glucose. A standardized cell suspension was prepared from this culture by adjusting the cell density to 1610 7 cells ml
21
. Silicone elastomer discs (1.5 cm diameter; Cardiovascular Instrument Corp.) were placed in 12-well tissue culture plates and incubated in fetal bovine serum for 24 h at 37 uC. The disks were immersed in 4 ml of the standardized cell suspension (1610 7 cells ml 21 ) and incubated for 90 min at 37 uC. They were then immersed in YNB medium with 50 mM glucose and incubated for 6 h (earlyphase biofilm) or 48 h (mature-phase biofilm) on a rocker at 37 uC. Biofilms were quantified by measuring dry-weight biomass and metabolic activity using a tetrazolium dye reduction assay [2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide; XTT) . For dry-weight determination, biofilms were scraped into 4 ml PBS and transferred to a centrifuge tube. This suspension was filtered through a pre-weighed filter (0.45 mm pore size), washed with PBS, and dried at 35 uC for 24 h. The dried filters were weighed to calculate biofilm biomass from the difference in weight. Planktonic cultures were prepared by the same method as for biofilm formation, except that the silicone elastomer disks were omitted from the tissue-culture wells. Planktonic cultures exhibit similar morphologies to biofilms and consist of both yeast and hyphal forms of Candida.
Scanning electron microscopy (SEM). Early-(6 h) and mature-(48 h) phase candidal biofilms were grown as described above. These biofilms were prepared for SEM analysis as described previously . Briefly, SEM discs with biofilms were fixed in 2 % glutaraldehyde, and then in osmium tetroxide, tannic acid and uranyl acetate. These fixation steps were followed by a series of ethanol dehydration steps. The dehydrated specimens were placed on microscope stubs and sputter-coated with Au-Pd (60/40 ratio). The prepared samples were examined for their topography using a model XL3C ESEM Philips scanning electron microscope.
Lipid extraction. Total lipids were extracted from both planktonic cultures and biofilms using chloroform/methanol (2 : 1, v/v) and then purified using established procedures (Ghannoum et al., 1990) . Briefly, biofilms and planktonic cells were harvested by centrifugation, and the cell pellet was washed with sterile distilled water; cells were resuspended in 30 ml chloroform/methanol (2 : 1, v/v) and then incubated at room temperature on a shaker overnight. Next, the cell suspension was filtered through 110 mm diameter filter paper (Whatman) to remove denatured protein. Volumes (0.2 ml) of 0.9 % NaCl were added to the cell solution, and the mixture was separated using a separating funnel. The clear lipid-containing phase was carefully collected, and the total lipid mass was estimated gravimetrically after removing the solvent under a gentle stream of N 2 gas. Five samples were extracted for each time point, each from an independent replicate.
Lipid characterization
Thin-layer chromatography (TLC). The extracted lipids contained polar as well as apolar lipids. TLC analysis was carried out using TLC plates (Whatman) with silica gel containing CaSO 4 binder (Ibrahim et al., 1996) , in rectangular glass tanks saturated with the solvent system. For apolar lipids, the solvent system used was hexane/diethyl ether/ acetic acid (90 : 10 : 1, by vol.), while polar lipids were separated using choloroform/methanol/7 M ammonia (65 : 25 : 4, by vol.) as solvent system. Polar lipids were further analysed using two-dimensional TLC using the following solvent systems: first dimension, chloroform/ methanol/7 M ammonia (65 : 30 : 4, by vol.); second dimension, chloroform/methanol/acetic acid/water (170 : 25 : 25 : 4, by vol.). The lipids were visualized by exposure to iodine vapour or charring at 220 uC after spraying the plates with 50 % (v/v) H 2 SO 4 .
Electrospray ionization-tandem mass spectrometry (ESI-MS/MS).
Extracted lipid samples were subjected to lipidomics analysis of their phospholipids and sphingolipids using an automated ESI-MS/MS approach (Brügger et al., 1997) . Briefly, an aliquot of extracted lipids (0.4 mg lipid) was combined with solvents and internal standards, such that the ratio of chloroform/methanol/300 mM ammonium acetate in water was 300 : 665 : 35 and the final volume was 1 ml. Internal standards, obtained and quantified as described previously (Welti et al., 2002) , were 0.6 nmol di12 : 0-phosphatidylcholine (PC), 0.6 nmol di24 : 1-PC, 0.6 nmol 13 : 0-lysoPC, 0. 2 in negative ion mode with Pre 663.1. The assignments of the polar lipid molecular species were in terms of total acyl carbons : total double bonds. Sphingolipid species [IPC, MIPC and M(IP) 2 C] are indicated by (total carbons in the sphingoid base+fatty amide) : (total carboncarbon double bonds in sphingoid base+fatty amide)-(number of hydroxyl groups on base+fatty amide chain). It should be noted that in all cases assignments are based on identification of head group and mass/charge ratios only and do not rule out the presence of molecular species with non-normal acyl chains. The phospholipids in each class were quantified in comparison to two internal standards of the class (Welti et al., 2002) . The sphingolipids were quantified in comparison to 16 : 0-18 : 0 PI, [M2H] 2 , in negative ion mode (Pre 241.01). Data acquisition and analysis were carried out as described previously (Devaiah et al., 2006) . Lipid levels were normalized to the weight of cells for both biofilms and planktonic cells. Unsaturation index (UI) for each class was calculated as the mean number of double bonds per acyl chain for the species within that class [UI5lipid level (nmol per mg biomass)6number of double bonds/number of acyl chains].
Visualization of lipid rafts. Filipin staining and fluorescence microscopy were used to compare the distribution of lipid rafts in Candida biofilms and planktonic cells. Filipin is a fluorescent polyene that binds ergosterol (a major component of lipid rafts). This fluorescent dye is commonly used to visualize lipid rafts. Planktonic or biofilmderived Candida cells were rinsed three times with PBS and fixed with freshly prepared 3 % paraformaldehyde for 1 h at room temperature. Next, cells were washed three times with PBS and incubated with glycine (1.5 g ml 21 in PBS) for 10 min at room temperature. Cells were then stained for 2 h with filipin (0.05 mg ml 21 in PBS/10 % fetal bovine serum). Images were captured with a Leica DMI 6000 B inverted microscope using a Retiga EXI camera (Q-imaging). An excitation filter of 340-380 nm and an emission filter of 425 nm LP were used to visualize the filipin-stained Candida cells. A 6361.4 NA Plan Apo objective was used with a 61.6 magnification changer built into the microscope for a final magnification of 61008. Images were analysed using Metamorph Imaging Software (Molecular Devices).
Analysis of lipid raft formation in C. albicans biofilms in the presence of sphingolipid biosynthesis inhibitors. Since lipid rafts are enriched in sphingolipids, we determined whether biochemical inhibition of sphingolipid biosynthesis affects C. albicans biofilms. These inhibition studies were performed as described earlier (Martin & Konopka, 2004) . Briefly, C. albicans biofilms were treated with sphingolipid biosynthesis inhibitors (myriocin or aureobasidin A, dissolved in methanol) (Martin & Konopka, 2004) . The concentration of myriocin ranged from 1.25 to 160 mg ml 21 , while that of aureobasidin A ranged from 0.03 to 10 mg ml
21
. The methanol concentration in these assays was 0.5 %; this concentration of methanol had no effect on fungal growth. C. albicans biofilms treated with vehicle (methanol) alone served as a control. Changes in lipid rafts following treatment with these inhibitors were monitored using fluorescence microscopy after staining the cells with filipin.
Statistical analysis. All results represent the mean of at least five independent samples (biological replicates). Comparative results were statistically analysed using independent samples t-test (assuming equal variance) and ANOVA with SPSS software version 19.0. A Pvalue of ,0.05 was considered to be statistically significant.
RESULTS

Biofilms are enriched in specific phospholipid classes
We performed one-and two-dimensional TLC analyses to identify biofilm-specific lipids. These analyses revealed the presence of triacylglycerols, fatty acids, diacylglycerols, sterols, monoacylglycerols and phospholipids (see Supplementary Fig. S1 , available with the online version of this paper). These analyses also showed that PC and PE were the two major phospholipids present in biofilms.
Distribution of lipid classes varies between biofilms and planktonic C. albicans and by growth phase in biofilms
We followed TLC by ESI-MS/MS-based lipidomics, using precursor and neutral loss scans, to identify the classes and molecular species of polar lipids present in biofilms and planktonic cells grown to early and mature phases (Fig. 1) . Phospholipid species were quantified in comparison to internal standards of the same class. Since biofilm formation proceeds through distinct developmental phases, we determined whether the profile of the major lipid classes differs between early and mature biofilm phases.
Planktonic cells in the early and mature phases were also compared. We found that levels of PC, PE, PI, PS, PA and PG were significantly higher in biofilms compared to planktonic cells in the early phase (Fig. 1a, P¡0 .007). A similar trend was observed in biofilms and planktonic C. albicans grown to the mature phase (Fig. 1b) . The level of lyso-PE was elevated in early-phase biofilms (Fig. 1a) . However, the level of lyso-PC tended to be lower in biofilms than in planktonic cells (Fig. 1a, b) . The ratio of PC to PE was lower in biofilms compared to planktonic cells in both early (1.17 vs 2.52, P¡0.001) and late (2.34 vs 3.81, P¡0.001) developmental phases. When comparing the two phases, the PC : PE ratio for biofilms increased from 1.17 to 2.34 (P¡0.001) and for planktonic cells from 2.52 to 3.81 (P50.001) in the early and mature developmental phases, respectively. Taken together, these results showed that the distribution of lipid classes in biofilms and planktonic cells is different, particularly in the early phase. In addition, the lipid class profile of early-phase biofilms is significantly different from that of mature-phase biofilms.
Molecular species profiles also differ as a function of age and biofilm formation
ESI-MS/MS analysis allows identification of individual lipid molecular species. We characterized the lipids present in biofilms and planktonic cells grown for 6 h (early phase) or 48 h (mature phase). Comparison of specific phospholipid species (identified as total acyl carbons in the diacyl species : total acyl carbon-carbon double bonds) showed that the profile of molecular species differed significantly between biofilms and planktonic cells and also between early and mature phases of each growth form. Levels of nearly all detected molecular species for PC and PI were higher in biofilms than in planktonic cells (Fig. 2) . Similar trends were observed for PE, PS, PA, PG, and the lysophospholipids (Supplementary Table S1 ).
There were significant compositional differences in molecular species between planktonic cells and biofilms in each developmental phase and between early and mature phases of each growth form. As shown in Table 1 , the unsaturation indices of PC and PS were significantly higher in early-phase biofilms than in early-phase planktonic cells (indicating that biofilm cells had more double bonds per acyl chain than did the planktonic cells). At the mature stage, the unsaturation of PC, PE and PS was significantly lower in biofilms than in planktonic cells. During maturation, the planktonic cells underwent little or no change in composition (i.e. unsaturation) of most phospholipid classes, except for the lysophospholipids, which were reduced in unsaturation. On the other hand, the biofilms underwent a decrease in unsaturation of every lipid class but PA during maturation.
Taken together, the glycerophospholipid molecular species and class results indicate that planktonic cells and biofilms differ in lipid composition, and that biofilms undergo large decreases in unsaturation and an increase in PC to PE ratio during development.
Sphingolipid profile
Our results showed that the level of PI was threefold higher in early-phase biofilms compared to early-phase planktonic cells. Since PI is involved in biosynthesis of membranelocalized sphingolipids, we decided to determine the levels of sphingolipids in biofilms and planktonic cells in both the early and mature phases. Among the three known sphingolipids [IPC, MIPC, M(IP) 2 C], levels of two (IPC, MIPC) were higher in biofilms than in planktonic cells in both early and mature phases (Fig. 3, P¡0 .001). Analysis of the molecular species of sphingolipids revealed elevated levels of all species of IPC and MIPC (Fig. 4) . Interestingly, there was a shift in the molecular species of both IPC and MIPC in biofilms as they matured. At 48 h, compared to 6 h, the ratio of longer-chain (such as 44 : 0-3) to shorterchain species (such as 42 : 0-3) was higher (Fig. 4a, b, d , e). The M(IP) 2 C species (44 : 0-4), which was barely detectable at 6 h in either culture ( Fig. 4c ; note scale), was still undetectable in biofilms at 48 h, when it was clearly detectable in planktonic cells (Fig. 4f) . Overall, the results showed that sphingolipid species were elevated in biofilms compared to planktonic C. albicans in both early and mature phases.
Lipid rafts are involved in formation of C. albicans biofilms
Since sphingolipids are key components of lipid rafts, we hypothesized that levels of lipid rafts are altered in biofilms compared to planktonic cells, and that these rafts are important in biofilm formation. To test this hypothesis, we determined the levels of lipid rafts in C. albicans biofilms using filipin staining. We found that C. albicans biofilms contained more lipid rafts than planktonic cells, especially in the hyphal elements (Fig. 5) . Next, we evaluated the effect of myriocin, which inhibits serine palmitoyltransferase (a key enzyme involved in sphingolipid biosynthesis; Martin & Konopka, 2004) , on raft formation in biofilms. Biofilms were grown in the absence or presence of different concentrations of myriocin (these concentrations were not toxic for Candida, as determined by cell-viability assay) and quantified by biomass determination. Our results showed that exposure to myriocin resulted in reduction in Fig. 5 . Distribution of lipid rafts in C. albicans grown as (a) biofilm or (b) planktonically, visualized by fluorescence microscopy following staining with filipin (image taken at ¾200 magnification; arrows, lipid rafts). Fig. 6 . Effect of the sphingolipid biosynthesis inhibitors myriocin and aureobasidin A on distribution of lipid rafts in C. albicans biofilms. Biofilms exposed to myriocin were characterized for (a) raft distribution, (b) biomass, and (c) metabolic activity; similar assays were performed to determine the effect of aureobasidin A on (d) lipid rafts, (e) biomass, and (f) metabolic activity.
the raft formation, especially in hyphae (Fig. 6a) . Moreover, the ability of C. albicans to form biofilms was significantly reduced in the presence of myriocin, as determined by both dry weight and metabolic activity assays (Fig. 6b, c , P,0.05).
Biosynthesis of IPCs (key sphingolipid constituents) involves transfer of the inositol moiety from PI to sphingosine/dihydrosphingosine, in a reaction catalysed by the enzyme IPC synthase (Aur1p) (Nagiec et al., 1997) .
To determine whether this transfer reaction is critical for biofilm formation and maintenance of the lipid raft profile in biofilms, we grew biofilms in the presence or absence of aureobasidin A, a known inhibitor of Aur1p (Aeed et al., 2009; Cerantola et al., 2009) . Our results showed that exposure to aureobasidin, which also reduced metabolic activity, resulted in reduced biofilm formation, and that these biofilms exhibited fewer lipid rafts in the hyphal membrane and reduced biofilm biomass ( Fig. 6d-f ). These results suggest that inhibition of the M(IP) 2 C biosynthesis pathway leads to disruption of lipid rafts and attenuates the ability of C. albicans to form biofilms.
Disruption of M(IP) 2 C biosynthesis affects biofilm formation by C. albicans
Next, we investigated whether disruption of IPT1, which encodes the enzyme catalysing the terminal step of M(IP) 2 C biosynthesis (Dickson et al., 1997) , influences the ability of C. albicans to form biofilms. Our results
showed that the raft formation profile of a Dipt1 mutant was noticeably reduced compared to the isogenic wild-type and Dipt1/IPT1 revertant strains (Fig. 7a-c) . SEM analysis showed that biofilms formed by the Dipt1 mutant comprised only clumps of adherent yeast cells, while the revertant and wild-type strains formed robust biofilms with yeasts and hyphae enmeshed in a dense network (Fig. 7d-f ). These results confirm that IPT1 plays a critical role in the ability of C. albicans to form biofilms and associated lipid rafts.
DISCUSSION
In the current study, we performed lipidomics analysis of C. albicans biofilms and planktonic cells, and demonstrated significant growth-phase-dependent differences in the profile of polar lipid classes, individual molecular lipid species, and unsaturation index. Our results showed that PI was an abundant phospholipid in biofilms, and that sphingolipid levels were elevated in biofilms. In addition, we demonstrated that inositolphosphoryltransferase (Ipt1p), a key enzyme catalysing the biosynthesis of lipid rafts, plays a critical role in the ability of Candida to form biofilms.
In general, the lipid profile observed in planktonic cells in our studies was similar to those reported recently (Singh et al., 2010) , but our analysis revealed that the levels of all polar lipids identified were higher in biofilms than in planktonic cells. Differences in lipid levels between biofilms and planktonic cells were observed in both early and mature phases; the difference was more pronounced in the early phase. Since adhesion to a substrate is an important early step in biofilm formation, lipids that were elevated in early-phase biofilms may be important regulators of fungal adherence in biofilms. In this regard, altered lipid composition is reported to affect Candida adherence (Ghannoum et al., 1986) and nutrient uptake (Ansari & Prasad, 1993; Dudani & Prasad, 1985; Singh et al., 1978) .
In an early study, Ghannoum et al. (1986) showed that lipids from C. albicans and Candida tropicalis, but not from the weakly adherent Candida pseudotropicalis, significantly blocked in vitro adherence of the respective yeast cells to buccal epithelial cells. Moreover, in the same study it was demonstrated that individual phospholipids, sterols and steryl esters blocked adherence significantly, while triacylglycerols and free fatty acids showed no effect.
The unsaturation index of most phospholipids decreased as biofilms matured. Lomb et al. (1975) showed that polyeneresistant Candida cells contained significantly reduced amounts of ergosterol and higher levels of fatty acids containing shorter and more saturated chains. Pesti et al. (1985) reported that sterol mutant strains of C. albicans exhibited a slight increase in saturation and a decrease in the chain length of fatty acids. Furthermore, these investigators showed an increase in the levels of PI and PA, and a decrease in the amount of PC and PS in these mutant strains. Since altered lipid composition (e.g. alteration in sterol levels) is known to be a mechanism of resistance in planktonic Candida cells (Hitchcock et al., 1986; Mago & Khuller, 1989) as well as in Candida biofilms (Mukherjee et al., 2003) , it is possible that the increase in unsaturated index in Candida biofilms (of early phase) may contribute to alterations in membrane fluidity, biofilm maturation and resistance against antifungal agents. Our studies also revealed that the PC : PE ratio increased during biofilm maturation, along with a decrease in acyl unsaturation, which may indicate a reduction in the propensity of the membrane to undergo a transition to hexagonal phase (non-bilayer), a feature that may relate to the attachment of the biofilms.
PI has been shown to contribute to antifungal resistance (Abu-Elteen & Whittaker, 1997 -1998 Hitchcock et al., 1987) , biosynthesis and localization of GPI-anchored proteins, germination (Koul et al., 1995) and host pathogenesis (Reynolds, 2009) . Additionally, PI metabolism is intricately tied to biosynthesis of yeast sphingolipids, which are a major constituent of membrane-localized lipid rafts. The major sphingolipids present in yeast lipid rafts are GIPCs: IPC, MIPC and M(IP) 2 C (Thevissen et al., 2005) . We found that levels of sphingolipids, like PI, were elevated in biofilms compared to planktonic cells. Since sphingolipids are linked to formation of lipid rafts, we also analysed lipid rafts present in biofilms. Our studies using specific inhibitors (myriocin and aureobasidin) confirmed that lipid raft formation is correlated with the ability of C. albicans to form biofilms. Further confirmation of the notion that lipid rafts modulate biofilm formation was derived from the experiments showing that disruption of IPT1 resulted in abrogation of the ability of Candida to form biofilms.
The ability of lipid rafts to modulate biofilm formation may be linked to their known association with maintenance of membrane integrity and segregation of membrane-localized proteins. In this regard, lipid rafts have been proposed to play important roles in polarization and compartmentalization of the plasma membrane (Wachtler & Balasubramanian, 2006) , surface transport of plasma membrane ATPase (Toulmay & Schneiter, 2007) , hyphal growth (Martin & Konopka, 2004) , drug resistance (Hallstrom et al., 2001; Pasrija et al., 2008; Prasad et al., 2005; Thevissen et al., 2000) and localization of virulenceassociated proteins (Siafakas et al., 2006) .
Although our study showed an increase in the levels of all major phospholipid classes, we focused on PI because of its link with biosynthesis of sphingolipids, which are critical components of lipid rafts. Since enzymes involved in the biosynthesis of other phosphoglycolipids (e.g. PS) have also been linked to virulence of C. albicans (Chen et al., 2010) , further studies are warranted to investigate the role of these lipids in Candida biofilms.
In conclusion, we have demonstrated significant differences in the distribution of lipid molecular classes between biofilms and planktonically grown Candida. Our results provide support for the notion that lipids play a critical role in modulating microbial biofilms. Additionally, our findings demonstrate that lipid rafts are critical to the ability of Candida to form biofilms.
